On this journey from nanoparticle (NP) synthesis and characterization to animal models, a number of common themes emerge: how do we evaluate the potential for translation of new materials? What should be our standards for NP characterization and for their biological properties? How do we improve the robustness and reproducibility of our devices, measurements, and conclusions? These questions will need to be addressed to progress more effectively and safely toward biomedical applications. Translation toward the clinic is already happening, yet great challenges remain before these approaches will make a significant difference to a large number of patients.

The diversity of nanomaterials available provides a formidable toolbox, but one that is now so vast that we can only use it effectively if we have a clear understanding of what each tool is and of what it can do. In that context, standards and careful characterization of these nanomaterials and their surfaces is essential. Sometimes the tools exist but are not used systematically, while in other cases, new methods are required. Nanoparticles also need to be characterized at different points in their life cycle as they are generally dynamic systems. A question as basic (and fundamentally important) as "do NPs go through biological membrane barriers?" remains open and requires further experimentation. There is also a large knowledge gap regarding the interactions of NPs at the whole animal level that reflect their performance in cancer imaging, sensing, and therapy; their metabolization and expulsion from the body; their effects on the immune system; and the choices of animal models that are effective at predicting outcomes in humans. Better materials characterization, better experimental design, new measurement techniques that allow for real-time molecular-level information at the NP--biological interface, advanced *in vitro* testing (three-dimensional cocultures) and computer models, systematic sharing of data, more effective interdisciplinary collaborations, publication of both positive and negative results, and critical discussion of published evidence are just a few suggested steps toward a more robust scientific enterprise.

Nonetheless, the societal impact of nanotechnologies, if properly deployed, is enormous. In addition to NPs for human health, NPs are components of next-generation technologies for cleaner water, cleaner air, and cleaner energy. A thorough understanding of the issues raised on the biomedical application side will also help other NP industries produce their technologies in a safe and sustainable manner.

Core--Shell Nanoparticles: The Core Matters {#sec2}
===========================================

Researchers are generating an immense collection of new nanomaterials, which differ by the composition of their (inorganic) cores and (organic) ligand shells. While many are proposed as potential candidates for biomedical applications, only a few are, or will be, really translated. In this first section, we use iron oxide NPs as a case study to illustrate the need for detailed characterization of the inorganic core. These NPs combine magnetic properties with low toxicity and biodegradability. Translation has started with current applications in sensing, imaging and therapy.

Fundamental changes in the magnetic structure of macroscopic magnetically ordered materials occur when the physical size is reduced. A bulk ferromagnet spontaneously subdivides into a multidomain structure to reduce the magnetostatic energy associated with a large stray field. A critical size exists---which is both material and shape dependent, although typically on the order of 100 nm---at which only a single domain structure can be supported. Further reduction in size leads to the superparamagnetic state. In this state, thermal agitation results in the instability of the magnetic moment, which flips between easy axes on a time scale on the order of nanoseconds.^[@ref1]^ Although the spin structure of the superparamagnetic and single domains is identical, the two states differ in the nature and the dynamics of their magnetic response. The magnetic behavior of the superparamagnetic state is analogous to the Langevin model of atomic paramagnetism. However, instead of dealing with the magnetic moment of a single atom, in the superparamagnetic state of a magnetic nanocrystal, there are on the order of 10^5^ atoms that are magnetically coupled by the exchange interaction.^[@ref2]^ The reader is referred to the reviews by Pankhurt^[@ref3],[@ref4]^ for an overview of the underlying physics that governs these changes in magnetic behavior, with Cullity^[@ref5]^ recommended for a more detailed discussion.

Bioapplications of magnetic NPs have been explored for several decades^[@ref6],[@ref7]^ and now extend to magnetic separation, delivery (actuation), hyperthermia treatment, and contrast enhancement agents for magnetic resonance imaging (MRI). In this broad interdisciplinary field, the terms "single domain" and "superparamagnetic" particles are often used interchangeably; the subtle differences in the *dynamics* of the magnetic response mean that it is important to make the distinction between these two different regimes.

Iron oxide can exist in different chemical compositions such as magnetite (Fe~3~O~4~) or maghemite (γ-Fe~2~O~3~) or, most likely, a nonstoichiometric combination of the two. Understanding of the long-term biotransformation, and consequently toxicity, requires a precise knowledge of the injected NP.^[@ref8]^ As Fe^2+^ ions play a critical role in biochemical processes that generate free radicals, *in vivo* applications of superparamagnetic NPs require accurate and precise quantification of the amount of Fe^2+^. Fe^3+^ ions are significantly less reactive and are the form used for iron storage within the body.

Although the magnetic response is primarily governed by the object size, it is also affected by the physical shape, the crystallographic structure, and microstructural quality. The contributions to the total energy of the ferromagnetic system are not isotropic, with anisotropic contributions associated with both the crystal structure (magnetocrystalline anisotropy) and the shape (magnetostatics) of the particle. While it is necessary to perform thorough characterization of a range of properties of magnetic NPs, such characterizations should also be done under conditions that mimic the physical environment of the intended application. Though this is by no means trivial, it provides a sound basis for comparison of materials, interpretation of performances, as well as clues for the rational design of the next generation of particles. Key techniques to analyze magnetic cores and the *in vitro*/*in vivo* fate are described briefly here.

Structural and Chemical Characterization {#sec2.1}
----------------------------------------

Structural characterization can be achieved using a combination of X-ray diffraction (XRD) and electron microscopy---including both standard and high-resolution transmission electron microscopy (TEM, HR-TEM).

Diffraction techniques may be preferred over imaging techniques such as electron microscopy (EM) since they are limited by the small amount of material that can be imaged. The full width at half-maximum (FWHM) of diffraction peaks can be fitted using the Scherrer equation and provides information on microstrain as well as the NP size distribution. For iron oxides, the interpretation of the diffraction peak positions is complicated by the fact that the lattice parameters of magnetite and maghemite are extremely similar (*a*~magnetite~ = 8.396 Å; *a*~maghemite~ = 8.346 Å). Structural studies should always be complemented with spectroscopy that probes the chemical environment such as Mössbauer, electron energy loss spectroscopy (EELS), or X-ray photoelectron spectroscopy (XPS). It is only with such spectroscopies that the Fe^2+^/Fe^3+^ ratio can be quantified. However, XPS probes the chemical environment at the surface, while Mössbauer probes the mean iron oxidation degree within the whole volume of the NP. On the other hand, EELS is more qualitative and can only be performed on one particle at a time. Therefore, pure magnetite, pure maghemite, core--shell magnetite--maghemite, or intermediate composition can be distinguished by using a combination of these techniques.

Electron microscopy does, however, provide invaluable insights into the range of shapes present and, when combined with electron diffraction, offers a powerful way with which to probe the evolution of crystallographic quality. In some recent work,^[@ref9],[@ref10]^ the transformation of iron oxide NPs has been observed by following the crystallographic structure evolution of superparamagnetic maghemite into an amorphous, poorly magnetic iron species over the course of three months *in vivo.* This example nicely illustrates the benefit of complete characterization since it enables demonstration of the association of a loss of magnetic properties with the biotransformation of the material into poorly magnetic species (rather than a disappearance of the material).

Magnetic Characterization {#sec2.2}
-------------------------

By definition, the superparamagnetic state is characterized by two features: the lack of remanence and the temperature dependence of magnetization curves (magnetization curves normalized by temperature superimpose, *i.e.*, a plot of *M*/*TvsH*/*T*).^[@ref2]^ Static magnetization measurements can be used to confirm the superparamagnetic state and can be performed using vibrating sample magnetometry (VSM) or superparamagnetic quantum interference device (SQUID) magnetometry.

By ensuring that all magnetometry measurements are performed on noninteracting systems, analysis of room-temperature magnetization curves can clearly and unambiguously provide a wealth of information concerning the particle size distribution of the starting material.^[@ref11]−[@ref14]^ The initial susceptibility is sensitive to larger particles, while the approach to saturation is governed by smaller particles. The value of magnetization at saturation (*M*~SB~) is significantly different for bulk magnetite and maghemite (at 297 K, *M*~SB~\[magnetite\] ∼ 480 emu/cm^3^ while *M*~SB~\[maghemite\] ∼ 300 emu/cm^3^). In addition, the large surface-to-volume ratio of NPs results in saturation magnetization of the particles, *M*~SP~, that is typically lower than that of the bulk material (due to the higher number of surface defects). This saturation magnetization can be further reduced by poor crystal structure. Thus, to avoid misinterpreting a strongly magnetic maghemite sample with a weakly magnetic magnetite sample, magnetization measurements should always be performed in conjunction with structural and chemical characterization so that the correct phase of iron oxide is identified.

The articles by Chen *et al.*([@ref12]) and El-Hilo^[@ref13]^ are two excellent examples that discuss how to extract the *magnetic* size distributions of superparamagnetic NPs from magnetization curves, which can be achieved by fitting experimentally measured curves using the simple Langevin expression modified by a log-normal distribution. Such articles highlight the need to move beyond working in terms of a single particle size and magnetic response, when instead there is always a distribution of sizes and shapes. Small changes in the shape cannot be neglected when dealing with magnetic species. Changes in shape can cause magnetostatic interactions, which may affect the colloidal stability; those may be exacerbated during their intended applications, as briefly discussed here.

Any application that requires magnetic NPs to be internalized within cells should also characterize the magnetization measurements after uptake in order to determine the effect of intracellular confinement on the magnetic response. The mechanism of uptake of NPs by cells is further discussed below, but it is worth noting here that particles typically end up sequestered in large concentrations within intracellular vesicles. Close confinement can cause dipole--dipole interactions,^[@ref15],[@ref16]^ and indeed, some groups have reported that MRI relaxivities of superparamagnetic iron oxide NPs are often significantly reduced upon internalization by cells.^[@ref17],[@ref18]^

Understanding the nature of magnetization reversal dynamics is important for magnetic hyperthermia applications. When subjected to alternating current (AC) magnetic fields, magnetic NPs cause heating of the local area due to losses during magnetization reversal. There are three different mechanisms by which the particles dissipate heat---hysteretic losses, relaxation (Néel or Brownian), and viscous (stirring) heating.^[@ref19]−[@ref21]^ The physical basis of the heating of superparamagnetic particles by AC magnetic fields has been reviewed by Rosensweig.^[@ref22]^ Briefly, for small field amplitudes, and assuming minimal interactions between the constituent superparamagnetic particles, the response to an AC field can be described in terms of its complex susceptibility. This results in the generation of heat,^[@ref22]^ which can be interpreted physically as meaning that if the magnetization lags the applied field there is a positive conversion of magnetic energy into internal energy. The dominant heat loss mechanism is determined by the shape of the magnetization curve, although these vary in different manners on the amplitude and frequency of the AC magnetic field. Nonetheless, they are all strongly dependent on the mean and width of the size distribution, particle shape, and crystallinity.^[@ref19],[@ref23]^ These properties can be further affected by both temperature and viscosity of the physiological conditions.

Unfortunately, most publications on the development of magnetic NPs for bioapplications do not report such extensive structural, chemical, and magnetic characterization. Instead these approaches are often restricted to investigators primarily interested in nanophysics. Such physical properties are, however, of direct use to interpret and to understand how the biological environment affects and modifies the NPs' magnetic properties. Consequently, the current literature is based on a range of materials of various magnetic qualities that have been irregularly characterized, which makes final observed properties difficult to interpret and to compare.

Complexity and Biocompatibility of Nanoparticle Surfaces {#sec3}
========================================================

As-made colloidal NPs bear adsorbed ions, ligands, or other molecules on their surfaces. Generally speaking, these "native species" on the NP surface are not the final desired surface coatings. As-made NPs may be too hydrophobic for biological applications, or toxicity concerns of the ligands may arise. Therefore, many workers in the field engage in surface bioconjugation of NPs, usually with the goals of making nanomaterials that (i) are biocompatible and (ii) would bind to a particular biological target in or on a living cell. The most common chemical linkages between inorganic NP surfaces and their designer molecular coats are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Schematic of (left) a noble metal nanoparticle (NP) with thiol and disulfide surface coatings and (right) a metal oxide NP with carboxylate and phosphonate coatings. R represents a functional group or recognition unit. The left cartoon implies metal--sulfur bonding; the right implies metal cation--anion bonding.](nn-2014-00962q_0002){#fig1}

Even for a monolayer of identical molecules on a nanoparticle surface, variations in surface coverage or ligand orientation (*e.g.*, lying down or standing up on the surface) can occur. The situation becomes even more complex when mixtures of surface ligands are coordinated to the NP surface: do the ligands self-assemble into domains, reminiscent of the lipid raft hypothesis for cell membranes? Or are the ligands randomly distributed on the surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"})? Simulation tools are valuable guides to the engineering of patchy nanoparticles.^[@ref24]−[@ref26]^ Experimental evidence of "patchiness" relies on either direct molecular-scale imaging, which is difficult to perform on nanoscale curved surfaces and is subject to possible artifacts, or on less direct methods such as mass spectrometry.^[@ref27]−[@ref36]^

![Schematic of randomly arranged molecular adsorbates on a nanoparticle (NP) surface (left), compared to adsorbates arranged in patches (right) on a NP surface.](nn-2014-00962q_0003){#fig2}

One grand challenge in the field, then, is a reliable means of measuring the spatial location of molecules on nanoscale curved surfaces that provides chemical information as to what the molecules actually are.

The importance of molecular display on nanoscale curved surfaces becomes apparent when the size of a typical NP (5--200 nm) is compared to that of a small molecule (1 nm), a typical protein (10 nm), and a cell (1000--100 000 nm). Receptor clustering is a phenomenon in which proteins or other molecules cluster together on the surface of a cell an event that is correlated with intracellular signaling. The size of the average NP is beautifully suited to anchor onto a cluster of such molecules and perhaps even to multiple different clusters at once. In other words, even though the "lock and key" idea of chemical binding is long past its prime, it is tempting to imagine that multiple molecular keys on a NP surface might open multiple cellular locks in a coordinated way---if the spatial locations were well-matched.

Even if the presence of a patchy designer coat on a NP surface is not needed for a particular application, NP bioconjugation experiments frequently proceed with multiple ligands, one or more for targeting and one or more for biocompatibility.

The selection of targeting ligands is, for the most part, driven by existing biological recognition partners (antibody/antigen; aptamer/small molecule; receptor/ligand, cyclic RGD/integrin, *etc.*). While a good idea in principle and *in vitro*, in practice, the ability to reach their engineered target *in vivo* is questionable, and may rely more on the enhanced permeability and retention effect than surface chemistry (see below). Another challenge in the field, then, is to measure the percent yield of designer-coated NPs binding to their target and understand the mechanisms by which this event fails.

To improve NP biocompatibility, the most popular coligand is poly(ethylene) glycol (PEG; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Although PEG is often considered to be the current best antibiofouling surface ligand, carboxy- and sulfobetaines have been explored as possible alternatives ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref37]−[@ref42]^

![Chemical structures of (a) poly(ethylene) glycol (PEG), (b) sulfobetaine, and (c) carboxybetaine.](nn-2014-00962q_0004){#fig3}

Both PEG and the betaine ligands are overall neutral in aqueous solution and very soluble in water; PEG is known to be well-hydrated. Thus, surfaces coated with PEG, or betaines, resist adventitious protein adsorption because (i) there are no charges to make favorable electrostatic contacts with proteins, and (ii) the hydration shell effectively looks like water to the proteins, and so there is little driving force for protein--surface binding. As a result of these ideas, PEG especially is considered "biocompatible" when really what is meant is "resistant to protein (or cellular) adsorption". The degree of resistivity to protein adsorption is by no means 100%; early studies showed reduction in protein adsorption by a factor of 4 or so.^[@ref41]^

Recently, questions about PEG's biocompatibility have been raised. Although PEG is Generally Regarded as Safe (GRAS) by the U.S. Food and Drug Administration, and its use as a drug modifier is approved in some commercial products, PEG does have limitations in its postuptake chemistry^[@ref38],[@ref39]^ and also different degrees of organ accumulation as a function of molecular weight.^[@ref38]^ Poly(ethylene) glycol properties such as molecular weight and surface density control when bound to a NP do influence NP stability.^[@ref39],[@ref43]^ There are increasing reports of PEGylated objects inducing complement activation, which is part of the immune cascade;^[@ref44]−[@ref48]^ these reports underscore the need to have a diversity of options when it comes to "biocompatible surfaces". Understanding and predicting these chemical processes at the NP surface, and extending the molecular level to the cellular or organismal level, is a key challenge for the field.

Utilizing Nanocrystals in Biomedicine: Particle Surface Chemistry and Biological Effects {#sec4}
========================================================================================

Nanoparticle High Surface Energy {#sec4.1}
--------------------------------

Nanocrystals, especially those in the smallest size range (below 30 nm), may be rather unstable and short-lived. Energy is required to form NPs, either from the bulk or from molecular precursors, and to create a solid--liquid/air interface. The resulting NPs are reactive and tend to either grow or dissolve ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Interfacial energy can also be released *via* aggregation and interaction with proteins, both of which are of special relevance in the nanobiotechnology context.

![Nanoparticle (NP) cycle. To generate NPs through bottom-up or top-down fabrication requires energy that the formed NPs tend to dissipate either by aggregation or by chemical transformation.](nn-2014-00962q_0005){#fig4}

Nanoparticle Aggregation {#sec4.2}
------------------------

Although the stability of NPs and conjugates at physiological conditions has been the subject of intensive studies,^[@ref49]−[@ref51]^ the loss of colloidal stability is often underestimated. This problem is particularly acute at high concentrations of NPs, which are required to reach therapeutic doses and for *in vivo* studies. Since the volume that one can inject is limited, not more than ∼200 μL in mice, for example, concentration needs to be high to achieve reasonable doses. Thus, in many cases, the loss of colloidal stability is behind the lack of (or unexpected) biological effects.^[@ref52],[@ref53]^ Indeed, surface modification of NPs is always required for biomedical applications because the environment where the NPs are produced and the physiological environment where they should perform are different and usually incompatible. This is especially important in environments where solutions with high ionic strength, such as biological fluids (*e.g.*, blood, lymph, and urine), induce compression and screening of the ionic double layer that forms around the NPs in aqueous solutions, allowing them to get close together, leading to aggregation if a steric stabilizing agent is not present.^[@ref54]^

Since small size is a key functional feature of these systems, any induced aggregation will dramatically affect cellular and molecular responses. Additionally, NPs may aggregate to sizes large enough to induce frustrated phagocytosis resulting in chronic inflammation and consequent risk of promoting cancer or neurodegeneration.^[@ref55]^

Nanoparticle Protein Corona {#sec4.3}
---------------------------

Usually, proteins present in biological media play the role of stabilizing agent by forming a protective protein corona on the surface of the NPs as soon as they come into contact with serum, thus preventing aggregation.^[@ref50],[@ref56]^ However, under certain conditions, this is not enough to prevent aggregation, for example, when working with high concentration of NPs in cell culture media or animal models (\>10^12^ NC/mL).^[@ref57]^

Nanoparticles, in general, strongly interact with macromolecules, a special case being interactions with proteins, their equivalent-sized biological counterparts. The interaction of NPs with proteins and other molecules may alter the metabolism of biological molecules, and the conjugates can be detected by the immune system, evoking a pro-inflammatory response. The protein corona also influences the interactions of NPs with the cell membrane.^[@ref58]^ Adsorption of proteins also modifies the surface charge^[@ref50]^ of the NP and therefore determines how it interacts with biological processes.^[@ref59],[@ref60]^ In addition, once the protein corona is formed, opsonins and proteins of the complementary system may be able to recognize proteins adsorbed on the surface of the NP which would trigger an immune response.^[@ref61],[@ref62]^ Additionally, conformational changes due to adsorption of proteins on the particle surface may cause lack of recognition by the organisms or may cause autoimmunity.^[@ref63]^

Adsorbed proteins may also influence signaling, when extracellular proteins internalize into cells carried by NPs or when binding of NPs to cells changes structure or association patterns of self-proteins.^[@ref64]^ The interaction of proteins with NPs may modify protein activity and structure and interfere with their natural fate. Therefore, the effect of different corona compositions on intracellular detection mechanisms needs to be investigated. In some cases, the adsorbed proteins can induce signaling by exposing new epitopes upon binding to the NP surface,^[@ref65]^ thus interacting with specific receptors on the cell membrane, such as receptors involved in lipoprotein trafficking, complement receptors, and pattern recognition receptors as the toll-like receptor family.^[@ref66]^ Additionally, modification of the protein structure or environment due to conjugation may have other important effects, as induction of exposure of hydrophobic residues and consequent aggregation and protein denaturalization, or modification in how proteins are recognized, employed, and processed.

Different modes of surface functionalization can also modify the way proteins absorb. This determines the fate of the NPs inside the body, varying from innocuous and eliminated through the urine in minutes^[@ref67],[@ref68]^ to provoking strong and aggressive immune (anaphylactic) response.^[@ref69],[@ref70]^

It is important to note that the immune system is especially sensitive to natural nano-objects, such as misfolded or non-self-proteins, protein aggregates, and protein patterns (*e.g.*, virus surfaces). This is why the humoral and cellular immune defense response to engineered NPs is also critical: NPs have dimensions similar to those of proteins, protein aggregates, and viruses and are recognized by immune cells, so they are subject to efficient protective strategies that prevent their uncontrolled access into the body. Nanoparticles could induce immunogenic epitope generation, that is, cause deformation of protein tertiary structure (promoted by the interaction with the curved NP surface) that can induce protein aggregation or make self-proteins immunogenic, thereby inducing autoimmune reactions, as antigens absorbed onto NPs could become allergenic. Additionally, it is known that epitope concentration, repetition, and patterning induced by association of proteins or peptides to NPs can be observed to trigger an immune response.^[@ref66]^ Given the above considerations, it is clear that the interaction between NPs and other biological molecules may cause a modification of both, with consequences for human health that are not yet easy to predict. In this context, previous NP albuminization to saturate the NP surface with proteins seems a simple and effective strategy to biocompatibilize and to avoid NP--protein interaction; PEGylation is also used, as discussed above.

Extensive investigations into the formation of the protein corona have shown that hydrophobic NPs get rapidly coated by the fraction of the serum proteins dedicated to detecting foreign objects, as lipopolysaccharide (LPS) or misfolded protein and protein aggregates, basically immunoglobulins and apolipoproteins. Additionally, hydrophilic surface NPs get progressively coated by serum albumin---which counts for 50% of all proteins in the serum---in a process that may take minutes to hours and results in a permanent protein corona enveloping the NPs. Surfactant molecules present on the particle surface may effectively interfere with the absorption process, succeeding in completely avoiding protein absorption in some cases, as with PEGylation.^[@ref71]^

Mechanism of Cell Entry and Exit {#sec5}
================================

In a previous Nano Focus article,^[@ref72]^ authors stated that "surface-modified NPs can directly reach the cytosols of living cells". Indeed, this impression seems to be relatively widely shared in the nanoscience and chemistry literature, with many authors making the case for the preparation of new materials on the basis of the special capacity of NPs to cross cell membranes. Vincent Rotello, however, speaking at the E-MRS symposium Q (spring 2013, Strasbourg), noted that "amateurs worry about how NPs get into cells; experts worry about how they get out of the endosome." A critical look at the literature shows that reaching the cytosol remains a major challenge and that we are far from understanding, let alone controlling, the interactions of NPs with cells or even with model membranes. Before focusing on the recent literature on NP/membrane interactions, it is perhaps useful to reflect on the history of a related field---cell-penetrating peptides (CPPs)---and on some basic biology and thermodynamics arguments.

The CPP field has now entered its third decade. Initial reports on CPPs concluded that there was rapid passive temperature-independent transport of the CPPs and of their cargoes through the cell membrane with low toxicity. These highly exciting properties contributed to the massive growth of this field of research, but it was later found that fixation prior to microscopy observation induced a redistribution of the molecules. In live cells, punctate patterns characteristic of endocytosis were observed. For several years, endocytosis became the generally accepted mode of transport for CPPs, details of molecular pathways were elucidated, and the direct involvement of various cell surface proteins and glycosaminoglycans were demonstrated. In recent years, experiments on model membranes (*e.g.*, giant unilamellar vesicles and cells) have indicated that while a range of endocytotic mechanisms are indeed the main contributors in live cells, in some cases, passive diffusion through the membrane does occur depending on lipid composition, cargoes, and membrane potential.^[@ref73],[@ref74]^ In spite of over 20 years of research and more than 20 000 publications, many basic questions remain to be clarified in the field of CPPs, and what is emerging is a highly complex set of scenarios resulting in increased uptake through various internalization pathways working in parallel that depend on cell state and peptide sequence; CPPs are not a magical route to the cytosol.^[@ref73],[@ref74]^

The self-assembly of small molecules into a membrane that separates a living entity from its environment is probably one of the earliest events in the history of life. The plasma membrane of eukaryotic cells tightly controls what does and what does not enter the interior of cells. Polar molecules such as ions, peptides, proteins, oligosaccharides, *etc*. do not cross the membrane by diffusion: transport is either facilitated by pore/pump proteins or relies on the endocytotic processes. In response, viruses and bacteria have evolved advanced molecular machineries to gain access to the interior of cells through specific interactions with the host. Viruses have similar sizes to NPs, yet no virus relies on simple passive diffusion through the membrane to gain access to the cytosol. The reason is probably simply that the energy barrier for the passive diffusion of a polar particle of several nanometers through the cell membrane is much higher than the thermal energy.

Recent literature on NPs and cells/membranes can be classified in three categories: (1) experimental studies with living cells, (2) theoretical studies (necessarily of model systems), and (3) experimental studies on model membrane systems. The first category has been critically reviewed recently by Iversen *et al.*, who caution against several experimental and interpretation pitfalls and make recommendations for future studies.^[@ref75]^ We certainly second their concluding remark that "The complexity, the combination of advanced chemistry and cell biology, makes it important that future research on NPs is performed as a close collaboration between scientists with different backgrounds. This is important to prevent misleading/wrong interpretations and thus aid in bringing NPs faster into clinical use." In addition to interdisciplinary collaborations, more open and robust discussion of published evidence (taking inspiration from the history of the CPPs field) is required. One example of reported passive diffusion of NPs through cell membranes is the case of the "stripy" NPs;^[@ref76]^ however, both the structure and the intracellular localization have been questioned.^[@ref27],[@ref29],[@ref36]^ Two recent studies on lipid NPs for the delivery of siRNA further confirm that reaching the cytosol remains a significant challenge.^[@ref77],[@ref78]^ Both studies show that internalization occurs *via* endocytosis and escape to the cytosol is a rare event. Gilleron *et al.* used gold NPs and with extensive electron microscopy analysis demonstrated that only a minor fraction (1--2%) of siRNAs were released from endosomes.^[@ref77],[@ref79]^

The second category (*i.e.*, theoretical studies) has been expanding rapidly in the past few years but is unfortunately not yet matched by a growth in the third category of carefully controlled experiments on model membranes. Among theoretical articles, we note that Li *et al.* offer support for favored transport of NPs with striated ligand patterns across membranes compared with random configuration of ligands.^[@ref80]^ On the contrary, Gkeka *et al.* show that a ligand configuration that avoids hydrophobic patches as much as possible minimizes the energy trap.^[@ref81]^ It is worth noting that, in both cases, there is an energy trap of over 10 *k*~B~*T* for these particles that have a significant proportion of hydrophobic ligands with favorable interactions with the interior of the membrane. Incorporation of hydrophobic NPs into lipid membranes is relatively well understood,^[@ref82]^ and the use of NPs/colloids as surface active materials to stabilize emulsions is a mature industrial field.^[@ref83]^ Clear experimental evidence of passive transport of NPs across model membranes, however, remains elusive.

Inorganic Nanoparticles for Cancer: Hyperthermia and Bimodal Therapy {#sec6}
====================================================================

The use of heat to kill tumors has been known since the ancient Greek times and is called hyperthermia.^[@ref84]^ It consists of an increase in temperature just above the physiological temperature to induce cytotoxic effects on cancer cells because, in tumor mass, tumor cells show a disorganized and compact vascular structure, and heat dissipation is hindered in comparison to healthy tissues.^[@ref85]^ To increase the temperature, a variety of clinical methods have been employed, including the application of microwaves and ultrasound. However, such methods have limited spatial and temporal control, and therefore, burns to surrounding healthy tissues are often inevitable.

Magnetic hyperthermia, whereby magnetic NPs are used for the controlled generation of heat to kill cancer cells, while limiting damage to the surrounding tissue, was first developed in 1957 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref6]^ Heat generation by means of plasmonic gold or silver NPs under near-infrared (NIR) laser irradiation has also been previously reported.^[@ref86]−[@ref88]^ The traditional understanding is that a sustained change in temperature above a threshold of ∼42 °C results in destruction of malignant tissue, although recent work suggests that toxicity may be achieved without bulk temperature change, possibly through damage to intracellular organelles leading to lysosomal content release.^[@ref89],[@ref90]^

![Schematic illustrating magnetically induced hyperthermia and drug release. (A) Magnetic nanoparticles (NPs) at a defined concentration, when exposed to an alternating magnetic field, can induce a temperature rise as a consequence of their magnetic vibrations. (B) Heat produced locally by the magnetic NP can be used to release drugs associated to the NP surface *via* thermosensitive linkers.^[@ref91]−[@ref93]^ In this case, drug release could occur even if the global temperature of the system does not change macroscopically; a local temperature increase is responsible for such release.^[@ref91],[@ref92],[@ref94]^](nn-2014-00962q_0006){#fig5}

The heating ability of magnetic NPs is defined as the specific absorption rate (SAR) (sometimes called specific loss power, SLP), which, in turn, is determined by the particle material, size, and shape. The heat generated by NPs can only be understood when the magnetic, physical, and hydrodynamic size distributions are accurately known (see refs ([@ref19], [@ref23]), and ([@ref95]) and discussion on core characterization in the previous section). Gonzalo Vallejo-Fernandez *et al.* argue that SAR can only be reliably measured when the particles are embedded within a solid matrix, thus simulating the NP localization at the tumor.^[@ref23]^ It is also important to remark that the field and frequency have to be kept below a certain threshold in order to be clinically applied.^[@ref95],[@ref96]^ This has not always been the case for many proof-of-concept studies.^[@ref94],[@ref97]^

Even with high SAR particles, *in vivo* implementation is constrained by the need to achieve high local concentration of nanomaterials at the tumor site. Superparamagnetic NPs that can circulate long enough into the blood to lead to the required tumor accumulation and that present the optimal therapeutic dose for the heat treatment while avoiding systemic toxicity are still missing. It is unclear whether further improvements to the surface chemistry and colloidal stability of the NPs combined with active targeting will provide a widely applicable strategy since therapies based on systemic injections are fundamentally limited by different physiological barriers: (i) the extravasation first from the vascular system to the tumor, (ii) the distribution among the tumor regions, and finally (iii) the targeting toward different subsets of tumor cell populations (*i.e.*, cancer stem cells (CSCs) *versus* non-CSCs).

Nonetheless, magnetic NPs have been approved for medical devices, and MagForce (Berlin, Germany) has translated magnetic hyperthermia for the treatment of glioblastoma multiforme. Their treatment does not rely on systemic injection. Instead, it consists of injecting 15 nm aminosilane-coated SPIONs directly into the solid tumor with a specially designed surface to ensure that NPs remain at the site of injection, thus allowing for multiple magnetic exposure.^[@ref98],[@ref99]^

Since chemo- and radiotherapy are the most common treatments for cancer, NPs that combine the functions of heat mediator foci with the capability to deliver and to release drugs may broaden the scope of biomedical applications. Attempts have been made to exploit the heat produced by the NP as a trigger mechanism enabling spatial and temporal control of drug release. Mechanisms include breaking thermosensitive linkers,^[@ref91]−[@ref93]^ the opening of "polymer gates" from silica-functionalized magnetic NPs,^[@ref100]^ or the disruption of molecular assemblies.^[@ref101]^

In a couple of recent examples, dehybridization of oligonucleotides was used as a tool to engineer a temperature-sensitive gate for drug release.^[@ref93],[@ref94],[@ref102]^ Ruiz-Ernàndez *et al.* encapsulated a model drug into silica nanopores blocked by DNA hybridized with iron oxide NPs bearing the complementary DNA strand. In this study, a macroscopic increase in temperature, above 42--45 °C, resulted in melting and subsequent release of the drug, thus combining hyperthermia with drug release. More recently, drug release has been achieved without the need to reach a macroscopic temperature change. This effect relies on the quite significant heat profile generated at the NP surface, upon alternating magnetic field (AMF) exposure, within a contour of only a few nanometers.^[@ref91],[@ref92],[@ref94]^ As such local changes are essentially independent of NP concentration, some of the limitations of systemic injections noted above may be relaxed. Achieving the very high drug loading required to achieve a local therapeutic dose might then become the next challenge.

New opportunities might come from hollow iron oxide NPs, which can be both magnetic hyperthermia agents and nanocontainers for drug molecules.^[@ref103]−[@ref105]^ The thin shell structure can either be broken *via* sonication^[@ref104]^ or similar treatments such as by using focused ultrasound treatment^[@ref106]^ or electroshock wave lithotripsy, which is typically applied for the treatment of renal stones. In the case of hollow nanostructures containing platinum, such as iron--platinum NPs or FePt\@Fe~2~O~3~ yolk--shell NPs, the degradation of the fragile hollow shell under acidic pH in cells also allows the gradual release of cytotoxic ions, the Pt^2+^ ions, thus generating cytotoxicity effects toward the cells that have internalized the nanostructures.^[@ref107],[@ref108]^

To introduce new therapeutic agents, the net beneficial effects have to be significant in comparison with the present treatment applied. To reach this point, a careful investigation of potential new nanomedicines must include *in vitro* characterization of their effects on living cells, proof of principle *in vivo* (in a suitable model, see discussion in the next section), as well as studies of efficacy, biodistribution, *in vivo* accumulation, and degradation to elucidate the fate of the materials, their potential long-term toxicity, and their body elimination at the dose needed for the treatment. This approach has already been applied in the case of iron oxide NPs.^[@ref109]^ To move ahead, a continuous feedback is needed between design, characterization, and evaluation to optimize the therapeutic performance while minimizing the side effects.

Predicting Nanoparticle Behavior in Humans: How Good Are the Current Cellular and Animal Models? {#sec7}
================================================================================================

Profound understanding of how NPs that are made from different materials interact with various organs and cells is important for optimizing novel sensing, imaging, and drug-delivery systems. To achieve this goal, the use of relevant biological models is needed. At the cellular level, it is understandable that cells will vary in their interaction with a particular NP since cells from different organs and origin have different biological functions, membrane compositions, and structures. Thus, both the interaction at the membrane level and the intracellular fate of the NP (trafficking, signaling, and disposition of the NP and its cargo) arefferent in different cell types and within different organs.

As an example, we discuss here the well-studied lipid-based nanoparticles (LNPs) to show how these materials can interact with subsets of cells from the immune system.^[@ref110],[@ref111]^ Lipid-based NPs (*e.g.*, liposomes, lipoplexes, micelles, *etc*.) are NPs self-assembled from a variety of naturally occurring and synthetic lipids creating large panels of structures with unique architectures and properties. However, despite the advantages of increased stability, facilitated delivery, and cargo protection, following systemic administration, LNPs may trigger the innate immune arm of the immune system, especially the complement cascade and macrophage/dendritic cells clearance mechanisms ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).^[@ref112],[@ref113]^

![Iteraction of different lipid-based nanoparticles (LNPs) with subsets of leukocytes can suppress or activate the immune response. The first line of defense by the innate immune arm includes different pattern recognition receptors such as membrane-bound toll-like receptors (TLRs), cytoplasmic NOD-like receptors (NLRs), and scavenger receptors on innate immune cells such as monocytes, macrophages, and dendritic cells. The second line of defense includes the adaptive immune arm with several important T helper subsets such as T~H~1, T~H~2, T~H~17, T~regs~, T~H~9, and T~H~22 cells. Each subset of leukocytes can interact differently with different types of nanoparticles made from different materials and with different sizes, geometries, and surface charges. Adapted with permission from ref ([@ref114]). Copyright 2012 Elsevier B.V.](nn-2014-00962q_0007){#fig6}

Like other circulating particles, LNPs such as liposomes are often first taken up by phagocytic cells (such as blood monocytes and specialized macrophages of the liver \[Kupffer cells, also known as stellate macrophages\], spleen, and bone marrow).^[@ref115]^ There might be undesirable interactions between the liposomes and the immune system, such as immunostimulation or immunosuppression. Liposomes have been well-documented as agonists of toll-like receptors (TLRs)^[@ref116],[@ref117]^ and can also be internalized into macrophages by scavenger receptors, but there is a lack of immunological knowledge about the interaction of liposomes and other LNPs with nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) and specifically with the inflammasome. Liposomes can also activate, complement, or induce an "educational" event with the adaptive immune system. Interactions of LNPs with T~H~ and B-lymphocytes are less well characterized and have tremendous potential for exploring new avenues in the adaptive immune system.^[@ref112],[@ref118],[@ref119]^

The inadvertent recognition of liposomes as foreign entities by leukocytes may result in a multilevel immune response against the liposomes and eventually lead to toxicity in the host and/or lack of therapeutic benefit.^[@ref115],[@ref120]^ A harmful activation of the complement cascade may occur in some types of particles. This event may lead to hypersensitivity reactions and anaphylaxis.^[@ref121]^ Szebeni *et al.* showed that intravenous injection of LNPs could cause acute hypersensitivity reactions (HSRs) in up to 45% of patients, with hemodynamic, respiratory, and cutaneous manifestations. The phenomenon can be explained with activation of the complement system on the surface of lipid particles, leading to anaphylatoxin (C5a and C3a) liberation and subsequent release reactions of mast cells, basophiles, and possibly other inflammatory cells in the blood.^[@ref122]^

Lipid-based nanoparticles decorated with poly(ethylene) glycol (PEG) and entrapping doxorubicin (Doxil) also activate the complement system. The reported frequency of HSRs to Doxil is up to 25% of all the treated patients. Unlike an IgE-mediated (type I) allergy, these reactions occur mostly at the first exposure to the formulation without prior sensitization.^[@ref123]^ An additional example is a harmful activation of the complement system at tumor sites, which may stimulate tumor-associated immune cells and promote their conversion into a tumor-supportive phenotype, thereby stimulating cancer progression.^[@ref113],[@ref121],[@ref124]^

Not only are NP interactions with different cell types still not well-documented but there is also an even larger knowledge gap at the whole animal level. Adequate animal models to study the biological properties of NPs with specific organs in a whole animal are necessary. In that context, NPs that are also imaging contrast agents are advantageous. The majority of antitumor studies, for example, are conducted in immunodeficient mice (*e.g.*, severe combined immunodeficiency, SCID, Rag-deficient mice) to allow investigations on human samples; however, these animals possess a compromised adaptive immune system that reduces the effect of antigen-presenting cell-mediated NP clearance. Nanoparticle pharmacokinetic studies should be conducted in immune-competent animals, both on those that are healthy and others that are diseased. The rapidly induced animal tumors that potentiate the enhanced permeability and retention (EPR) effect may not be representative of all human tumors; therefore, caution must be observed in predicting the translational capability of certain NPs evaluated in these models.

Since it was first reported by Matsumura and Maeda in 1986,^[@ref125]^ the EPR effect has been utilized by different macromolecules and, among them, nanotechnology-based platforms to deliver drugs to solid tumors. The defective architecture of tumor neovasculature allows the extravasation of macromolecules over 40 kDa to the tumor interstitial space, while the ineffective lymphatic drainage allows them to remain there ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![Schematic representation of different mechanisms by which nanocarriers can deliver drugs to tumors. Multifunctional lipid-based nanoparticles (LNPs) coencapsulated with chemotherapeutic drug (orange dots) and siRNA are shown as representative nanocarriers. Passive tissue targeting is achieved by extravasation of nanoparticles (NPs) through increased permeability of the tumor vasculature and ineffective lymphatic drainage (EPR effect). Active cellular targeting (inset) can be achieved by decorating the surface of NPs with multiple targeting moieties that promote cell-specific recognition and binding. The NPs can reach different tumor subpopulations concomitantly (*i.e.*, tumor cells and tumor "nurse-like" macrophages) to ensure maximal therapeutic effect and release their contents in close proximity to the target cells, attach to the membrane of the cell, and act as an extracellular sustained-release drug depot or internalize into the cell, introducing their payload to cell cytoplasm.](nn-2014-00962q_0008){#fig7}

However, although several EPR-based nanomedicines are in clinical use (*e.g.*, Doxil, Abraxane, and Marqibo), the potential therapeutic efficacy of EPR-based nanomedicines has been hampered by the heterogeneity of the EPR effect within and between different tumors and by limited experimental data from patients on the effectiveness of this mechanism as related to drug accumulation in the tumor site that is translated into real efficacy. The heterogeneity in EPR may be a major contributing factor to the limited success of nanomedicines with reductions in toxicity accompanied by the limited gains in overall survival as compared with traditional chemotherapy and small-molecule anticancer agents.^[@ref126]^ Several methods have been proposed to augment the EPR effect, including (1) increasing blood pressure during infusion of a nanomedicine using angiotensin-II and (2) using vascular mediators such as nitroglycerin, angiotensin-converting enzyme inhibitor, or nitric oxide.^[@ref127]^

One of the fundamental limitations in evaluating EPR is the lack of knowledge regarding which preclinical tumor models recapitulate patients with solid tumors. Several main factors affect the delivery of nanomedicines to tumors in preclinical models, such as the rate of tumor growth, vasculature, tumor environment, functional mononuclear phagocyte system (MPS), *etc*., and appear to vary based on the tumor model (*e.g.*, subcutaneous xenograft, orthotopic xenograft, genetically engineered mouse model) used. The majority of antitumor studies are conducted in immune-compromised mice to enable investigations on human xenografts and recently also on a patient's own tumor, known as tumorgraft. Nevertheless, these animals possess a compromised MPS, which could have a distinct effect on nanomedicine pharmacokinetic studies and thus pharmacokinetic studies should be conducted in immune-competent animals in order to reflect more accurately on human cancers.^[@ref128]^ Furthermore, commonly used subcutaneous tumor xenografts possess vasculature found in very high EPR tumors independent of tumor type and thus could provide a false impression regarding the benefit of nanomedicines in most tumor settings when relying on the EPR effect.^[@ref126]^

Future studies will need to evaluate these factors systemically in preclinical models and in patients with various solid tumors and match the most suitable preclinical model to each human tumor accordingly. Moreover, further investigations are required to understand how to assess drugs relying on the EPR effect for efficacy in preclinical tumor models and to understand how they reflect the heterogeneity seen in human disease. A promising venue for better understanding and predictability of EPR function in humans comes from the use of clinical imaging studies, which may help the development of more effective nanomedicines. In one such study, pharmacokinetics and biodistribution of ^111^In-labeled PEGylated liposomes were evaluated in patients with different advanced tumors. Although positive tumor images were obtained in 15 of 17 studies, the levels of tumor liposome uptake varied significantly both between and within tumor types, emphasizing the need for further comprehensive studies of EPR-based nanomedicines in patients.^[@ref129]^

At the same time, more selective delivery strategies are being developed,^[@ref130]−[@ref133]^ utilizing active cellular targeting upon reaching the tumor vicinity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). It is likely that these strategies will govern the new therapeutic modality for both diagnostics (molecular imaging), therapeutics (targeted, cell-specific delivery), and perhaps also theranostics.^[@ref134]^
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